Damage to the optic nerve (e.g. from glaucoma) has an adverse and often irreversible impact on vision. Earlier studies have suggested that the size of the optic nerve head could be governed by hereditary factors. We conducted a genome-wide association study (GWAS) on 4445 Singaporean individuals (n 5 2132 of Indian and n 5 2313 of Malay ancestry, respectively), with replication in Rotterdam, the Netherlands (n 5 9326 individuals of Caucasian ancestry) using the most widely reported parameter for optic disc traits, the optic disc area. We identified a novel locus on chromosome 22q13.1, CARD10, which strongly associates with optic disc area in both Singaporean cohorts as well as in the Rotterdam Study (RS; rs9607469, perallele change in optic disc area 5 0.051 mm 2 ; P meta 5 2.73310 212 ) and confirmed the association between CDC7/TGFBR3 (lead single nucleotide polymorphism (SNP) rs1192415, P meta 5 7.57310 217 ) and ATOH7 (lead SNP rs7916697, P meta 5 2.00 3 10 215 ) and optic disc area in Asians. This is the first Asian-based GWAS on optic disc area, identifying a novel locus for the optic disc area, but also confirming the results found in Caucasian persons suggesting that there are general genetic determinants applicable to the size of the optic disc across different ethnicities. †
INTRODUCTION
The optic disc or nerve head is the location where ganglion cell axons exit the eye to form the optic nerve. The axon-less central depression within the disc is called the optic cup. Measurement of optic disc parameters is important in the evaluation of glaucoma, the leading cause of irreversible blindness worldwide (1) . Population-based eye studies such as the Blue Mountains Eye Study and the Reykjavik Eye Study have indicated that larger optic disc area is associated with glaucoma, suggesting that optic disc area may be related to susceptibility to glaucoma (2, 3) . Studies in both Caucasian and Asian populations have also found larger optic disc area measures associated with myopic eyes and smaller areas with hyperopic eyes (4, 5) .
The heritability of the optic disc area and another correlated measurement, vertical cup-disc ratio (VCDR) has been estimated to be around 52-59% and 48-80%, respectively (6 -9) . A recent genome-wide association study (GWAS) using data from over 11 000 individuals of European descent identified three loci for optic disc area and another six for VCDR (10) . The genes identified for optic disc area were CDC7/TGFBR3 on chromosome 1p22, ATOH7 on chromosome 10q21.3 -22.1 and SALL1 on chromosome 16q12. The genes for VCDR were CDKN2B on chromosome 9p21, SIX1 on chromosome 14q22 -23, SCYL1 on chromosome 11q13, CHEK2 on chromosome 22q12.1, ATOH7 on chromosome 10q21.3 -22.1, DCLK1 on chromosome 13q13 and the borderline significant gene BCAS3 on chromosome 17q23 (10) . Of these genes, ATOH7 appears to be involved in both optic disc area and VCDR. This locus was confirmed in two independent Australian twin cohorts for optic disc area (11) .
Optic disc area has been reported to vary between races (12 -16) , and is likely to differ between Caucasians and Asians, owing to differences in prevalence of glaucoma and myopia (17) and other ethnic specific factors. The aim of this study is to identify genes for optic disc area that may be unique in Asian populations as well as genes shared with Caucasians. For this purpose, we conducted GWAS including data from two population-based cohorts from Singapore, comprising individuals of Indian [Singapore Indian Eye Study (SINDI)] and Malay ethnicity [Singapore Malay Eye Study (SiMES)], respectively. To increase the likelihood of identifying true genetic determinants of optic disc area, we combined genome-wide genotyping data from these two cohorts in a formal meta-analysis. We then sought direct replication of the top single nucleotide polymorphism (SNP) markers exceeding the formal threshold of genome-wide significance (P , 5.0 × 10
28
) by looking up directly genotyped SNPs in three independent cohorts of Caucasian ancestry from the RS, the Netherlands.
RESULTS
Many of the optic disc parameters (e.g. VCDR, optic cup area and neuroretinal rim area) are inter-correlated traits that are derived from the size of the optic disc. In this study, we therefore focused on the key anatomical parameter most widely reported: overall optic disc area. Summary tables for SINDI, SiMES and the RS cohorts are presented in Table 1 . The Singapore GWAS cohorts-SINDI and SiMES-included 2132 and 2313 participants passing quality control (QC) checks and having complete optic disc area and demographic data (age and gender), respectively. The SINDI GWAS included a total of 559 118 autosomal SNPs, which passed QC that comprises per-SNP call rate of ≥95%, per-sample call rate of ≥95%, minor allele frequency (MAF) ≥ 1% and Hardy -Weinberg (HWE) P ≥ 10
26
. Similarly, the SiMES GWAS had a total of 557 823 SNPs passing QC (see Material and Methods section for detailed QC exclusions).
Quantile -quantile (Q-Q) plots of P-value distributions specific to SINDI and SiMES are shown in Supplementary Material, Fig. S1a and b. Using inverse variance weights, we combined the cohort-specific results under an additive genetic model (assuming a trend per-copy of the variant allele) from both cohorts in fixed-effects meta-analysis. The Q -Q plots for the meta-analysis showed no deviation of the observed P-values against their expected distribution, except at the extreme tail (Supplementary Material, Fig. S1c ). This was observed against minimal overall inflation (genomic inflation factor; l gc ¼ 1.008), suggesting that these deviations at the tail end of the distribution could reflect true associations with the optic disc area. Removal of SNPs at CDC7/TGFBR3 and ATOH7, two loci previously described to be strongly associated with the optic disc area in Caucasians (10), still resulted in a significant excess of small P-values at the extreme tail of the distribution (Supplementary Material, Fig. S1c) .
Single-locus analysis revealed three genomic regions to be independently associated with optic disc area at P , 5.00 × 10 28 ( Fig. 1) . Two of them (Chromosome 1p22 near TGFBR3 and Chromosome 10q21.3 -22.1 near ATOH7) unequivocally confirmed previously reported findings in Caucasian populations with multiple SNPs showing P , 1.00 × 10 210 in the combined SINDI and SiMES meta-analysis ( Fig. 1 and Supplementary Material, Table S1 ). The third locus is novel and maps to the gene encoding for Caspase recruitment domaincontaining protein 10 (CARD10) on Chromosome 22q13.1, where the association signals of two SNPs (rs6000762 and rs9607469) were observed to exceed genome-wide significance ( Fig. 1 and Table 2 ). Cohort-specific signals in SINDI and SiMES were consistent with a per-allele change of 0.06 mm 2 for the lead SNPs on the optic disc area ( Table 2) . We then proceeded to seek confirmation for the two lead SNPs, rs6000762 and rs9607469, together with three other corroborating SNPs from the CARD10 locus in three independent population-based studies comprising a total of 9326 Caucasian individuals recruited in Rotterdam, the Netherlands (10). All five SNPs showed a significant association with the optic disc area (P , 0.0005) as well as a consistent direction of effect in Caucasians. The per-allele effect size was somewhat smaller in the overall Rotterdam cohort ( 0.034 and 0.045 mm 2 for the lead SNPs, respectively) compared with the SINDI and SiMES. Meta-analysis of all samples (n ¼ 13771) for the five SNPs each revealed strong association with the optic disc area (Table 2) , where the most significantly associated SNP (rs9607469) accounted for 0.8% of the phenotypic variance (a change of 0.051 mm 2 per copy of the minor allele, P ¼ 2.73 × 10 revealed that all five SNPs were bound within a tight linkage disequilibrium (LD) block (D ′ . 0.8; Supplementary Material, Fig. S2 ) within CARD10, and that no significant evidence of association was observed outside of this block. Conditional regression analysis revealed no further independent signal of the association above and beyond that of rs9607469 (data not shown). On further analysis, we did not observe evidence of association with the optic disc area in either SINDI or SiMES at the previously reported chromosome 16q12.1 locus near SALL1 (Supplementary Material, Table S2 ). We did not observe significant evidence for gene -gene effects between ATOH7 and CARD10, or between TGFBR3 and CARD10, which influenced optic nerve size in the Singaporean cohorts (P . 0.5 for each comparison).
No association was observed between all five CARD10 SNPs and VCDR after adjusting for the optic disc area (Supplementary Material, Table S3 ). We also did not observe association between ATOH7 and TGFBR3 SNPs and VCDR in both Singaporean cohorts (P . 0.1 for all SNPs, Supplementary Material, Table S4 ) despite being empowered to confirm strong evidence of association at chromosome 14p22 -23 (near SIX1; Supplementary Material, Table S5 ) (10) .
DISCUSSION
In this GWAS of two cohorts of Asian ethnicity from Singapore (comprising 2132 Indians and 2313 Malays, respectively), we report strong evidence of association at CARD10, a locus not previously implicated in the optic disc area. We replicated this finding in the combined RS cohorts that included Caucasian persons. We also confirmed a strong association with the earlier reported genetic variations at two loci (CDC/TGFBR3 on chromosome 1p22 and ATOH7 on chromosome 10q21.3 -22.1) (10, 11) .
Detailed assessment of the association results at CARD10 revealed some degree of heterogeneity among RS-I, RS-II and RS-III with four of the five associated SNPs (rs6000762, rs6000764, rs6000766 and rs8139526; Table 2 ). However, the lead SNP rs9607469 did not show significant heterogeneity either within the three Rotterdam cohorts (P ¼ 0.09), or when all five cohorts (three from Rotterdam and two from Singapore) were meta-analysed (P ¼ 0.197). As rs9607469 showed more consistent, non-heterogeneous association across all five cohorts, and the strongest evidence of association overall (P meta ¼ 2.73 × 10 212 ), it is likely to be a closer correlate of the yet undetected functional variant(s) compared with the other four SNPs. The weaker and more inconsistent results with the other four SNPs corroborating rs9607469 (observed particularly within the Rotterdam cohorts) probably reflect the incomplete LD between them and rs9607469 (Supplementary Material, Table S6 ). In light of this, genotyping of all five of the CARD10-associated SNPs would be necessary in further replication attempts in order to best capture the information of optic disc area association at this locus.
As a carrier of the CARD domain, CARD10 is intimately involved in the regulation of caspase activation and apoptosis (18) . In addition to that, CARD10 also belongs to the family of membrane-associated guanylate kinase proteins whose role is to assemble membrane-associated signaling complexes. CARD10 signals the activation of NF-kappaB, a wellcharacterized transcription factor with multiple physiological and pathological functions via B-cell lymphoma/leukemia 10 (BCL10), another member in the apoptosis and NF-kappaB signaling pathway (19) (20) (21) (22) (23) (24) . This pathway has been implicated in other major neurodegenerative disorders such as Alzheimer's disease. Studies in bcl10-deficient mice have shown that while bcl10 is dispensable for the execution of apoptosis, it is important for neural tube closure and specifically required for lymphocyte proliferation dependent on antigen receptormediated activation of NF-kappaB (25) . It has been postulated that the bcl10-inhibitor of NF-kappaB kinase a and b (IKKa/ IKKb)-NF-kappaB pathway plays a role in the development of normal central nervous system, possibly via positive regulation of neuronal survival (25) . Given the interaction with BCL10, it is thus possible for genetic polymorphisms within CARD10 to influence optic disc area via a role in the cellsurvival process.
Regulation of cell death via apoptosis is critical for neuronal cells. Mutations in another apoptosis regulating gene (Optic atrophy 1; OPA1) are associated with autosomal-dominant optic atrophy (DOA), the most common inherited optic neuropathy, in which retinal ganglion cells are lost and visual acuity is impaired from an early age (26, 27) . OPA1 is involved in mitochondrial homeostasis, associated with the regulation of mitochondrial fusion and sequestration of cytochrome c in the mitochondria (28) (29) (30) (31) . OPA1 and Mitofusin 1 are proposed to have a protective role within the cell (32), acting as antiapoptotic GTPases, that is, protecting the cell from spontaneous apoptosis and the detrimental consequences of apoptotic stimuli. Interestingly, a small study on 28 DOA patients with OPA1 mutations showed a significantly smaller optic disc area compared with controls (33) . This suggests that mutations in the apoptosis-regulating gene, OPA1, may also determine the previously unrecognized feature of a smaller optic disc area. Our findings on CARD10 therefore add to this body of evidence that indicate a relationship between apoptosis-regulating genes, ganglion cell death/survival and optic disc area.
The fact that CARD10 controls optic disc area possibly through ganglion axonal survival via the activation of the NF-kappaB signaling pathway may have implications for neuroprotection research in glaucoma and other neurodegenerative disease. Much attention has now been focused on neuroprotection as a strategy in therapies for glaucomatous optic neuropathy as a means of preserving retinal ganglion cells and their axonal projections. Although studies in glaucoma have shown reduction of intraocular pressure to be an effective modality in the treatment of glaucomatous optic neuropathy, not all patients respond to or can achieve meaningful intraocular pressure reductions, and such patients may benefit from neuroprotective therapies. The influence of NF-kappaB on cell survival could be protective or destructive, depending on types, developmental stages of cells and pathological conditions (34) (35) (36) . Many compounds with neuroprotective actions are strongly associated with the inhibition of NF-kappaB, leading to speculation that blocking the pathological activation of NF-kappaB could offer neuroprotective effects in certain neurodegenerative conditions (34) . With the linkage of optic nerve area to NF-kappaB pathway through CARD10, we speculate that compounds that can modulate the activity of CARD10 could potentially offer neuroprotection in glaucomatous optic neuropathy.
Primary open-angle glaucoma (POAG) represents a heterogeneous group of eye disorders for which several endophenotypes have been identified including optic disc area (37) (38) (39) . A GWAS in 1263 POAG cases and 34 877 controls has recently been performed in an Icelandic cohort, identifying polymorphisms near CAV1 and CAV2 as putative POAG susceptibility genes (40) . Surprisingly, ATOH7, which has been the strongest and most robustly associated gene with optic disc area, was neither reported to be significantly associated (P , 10 27 ) with POAG in the GWAS, nor within the top 32 SNPs exceeding P , 10 24 for POAG. These findings, as well as the statistically heterogeneous observations between the Icelandic discovery GWAS and the other European replication samples with regards to the most strongly associated SNPs at CAV1-CAV2 further testify to the heterogeneity of POAG as a broad diagnosis group. It has been proposed that dissecting the genetic architecture of such a heterogeneous disorder could best be achieved by considering individual endophenotypes underlying the disease (39, 41) . Quantitative endophenotypes allow individuals to be ranked along the continuum of risk, thus providing substantially more information than dichotomous measures of affection status. It is thus unsurprising that there has been very limited success to date in the identification of discrete POAG genes by using disease diagnosis as a dichotomous measure (40, 42, 43) .
In light of this, marker sets compiled from univariate analysis of endophenotypes could be more informative. Thus, future work should entail consolidation of most consistently associated SNPs in each of the quantitative traits to be tested in large glaucoma cohorts. An in-depth analysis of genes such as deep sequencing may also be required if POAG involves functional variants with a wide spectrum of allele frequencies, ranging from rare to common.
It is remarkable that despite the major anatomical difference between the eye of Caucasian and Asian populations and the differences in genetic make-up, we have identified three key genes that play a role in individuals from these different ethnicities. This does not only support the conserved biological relevance of these genes but also opens the opportunities for joint discovery studies across these populations. However, one potential limitation in this study is that identical methods for disc assessment were not used in Rotterdam (ImageNet for RS-I and RS-II; Heidelberg Retina Tomography for RS-III) and Singapore (Heidelberg Retina Tomography for both SiMES and SINDI), which is a potential limitation. However, as both methods of disc assessment were objective and used standardized protocols for all subjects in each study, the potential bias caused by this limitation is likely to be minimal. Furthermore, the similar results through the cohorts (Table 2) suggest that the potential difference between both assessment techniques is more likely to be a systematic difference (W.D. Ramdas, R.C.W. Wolfs, A. Hofman, P.T.V.M. de Jong, J.R. Vingerling, N.M. Jansonius, manuscript in preparation) and thus may not have harmed the current findings.
In summary, in this GWAS on optic disc area conducted in Asians, we report a novel locus, CARD10 on chromosome 22q13.1, and have added to the list of genes that control a key glaucoma endophenotype. We suggest it is opportune to investigate whether any of the recently identified quantitative trait loci relevant to glaucoma do indeed contribute to the development of glaucoma and whether they explain a significant proportion of individual differences in disease predisposition. If they do, these genes have the potential to contribute significantly to the development of a diagnostic and prognostic model for POAG, which can facilitate the early detection and treatment of at-risk individuals to prevent irreversible optic nerve degeneration and eventually blindness.
MATERIALS AND METHODS

Study population
Asian. Both the SiMES and Singapore Indian Chinese Cohort (SICC) Eye Study adhered to the Declaration of Helsinki. Ethics approval was obtained from the Singapore Eye Research Institute (SERI) Institutional Review Board (IRB). All participants were given a choice to provide written, informed consent in Tamil, Mandarin, Malay or English using bilingual interviewers. Both versions of study information sheet and informed consent form were approved by the SERI IRB before the study commenced.
SiMES is a population-based, cross-sectional study of 3280 Malay adults aged 40-79 years. Details of the SiMES design, sampling plan and methods have been reported elsewhere (44) . In brief, an age-stratified random sampling of all Malay adults, aged 40 -80 years, residing in 15 residential districts in the southwestern part of Singapore was drawn from the computer-generated random list of 16 069 Malay names provided by the Ministry of Home Affairs. A total of 1400 names from each decade of age (40 -49, 50-59, 60 -69 and 70-79 years), thus 5600 names, were selected. Of these, 4168 individuals (74.4%) were determined to be eligible to participate. A person was considered ineligible if he or she had moved from the residential address, had not lived there in the past 6 months, was deceased or was terminally ill. Of the 4168 eligible individuals, 3280 participants (78.7%) took part in the study. The SICC is designed to complement the SiMES in ethnic Indians and ethnic Chinese residents of Singapore. This study was further divided into the SINDI and Singapore Chinese Eye Study (SCES). Further information about the SICC has been published elsewhere (45) . Similar to SiMES, the SINDI study is a population-based, cross-sectional epidemiological study, but of ethnic Indian adults aged between 40 and 80+ years residing in Singapore. As with SiMES, the Ministry of Home Affairs provided an initial computergenerated list of 12 000 ethnic Indian names derived from a simple random sampling of all ethnic Indian adults aged 40-80+ years of age residing in 15 residential districts in southwestern Singapore. From this list, a final sampling frame of 6350 ethnic Indian residents were derived using an age-stratified random sampling strategy similar to SiMES. 
Measurements of optic disc area
Asian. Measurement of optic disc area in SINDI and SiMES was performed using Heidelberg Retina Tomography 2 (HRT 2), as previously described (47, 48) .
Caucasian. For the Rotterdam cohorts, ImageNet, which was used in RS-I and RS-II, takes simultaneous stereoscopic images of the optic disc at a fixed angle of 208, using a simultaneous stereoscopic fundus camera (Topcon TRC-SS2; Tokyo Optical Co., Tokyo, Japan). Images were analyzed using the ImageNet retinal nerve fiber layer height module. On each stereoscopic pair of optic disc images, four points were marked on the disc margin, defined as the inner border of the peripapillary ring or the outer border of the neural rim, if a scleral ring was visible. Next, the software drew an ellipse using these points to outline the disc margin and to determine the cup. The amount of correspondence between the marked points on the two images of the stereoscopic pair is expressed as a 'bad points' percentage, which indicates the percentage of points lacking correspondence. This percentage can be used as an indicator of image quality. Images with 25% or more bad points were excluded (49) .
HRT 2, used in SiMES, SINDI and RS-III uses a focused 670-nm diode laser light beam to acquire scans of the optic nerve head region, using the confocal principle. The HRT obtains, during one scan, three series of 16-64 confocal frontal slices. From each of these series, a three-dimensional image of the optic nerve head is reconstructed, from which the software calculates several optic disc parameters. To define the cup, the HRT places a reference plane 50 mm below the peripapillary retinal surface in the region of the papillomacular bundle.
Imaging was performed after entering the participant's keratometry data into the software and after adjusting the settings in accordance with the refractive error. In RS-III, all HRT 2 data were converted to HRT 3. As an indicator of image quality, we used the topographic standard deviation of the scan, which is a measure of the variability among the three series of a single HRT scan. Scans with a topographic standard deviation exceeding 50 mm were excluded (10).
Genotyping and data quality control
Asian. Study participants were genotyped using the Illumina Human610-Quad BeadChips, which assays 620 901 SNPs across the genome, according to manufacturer's protocols. QC criteria included the following: SNPs that had missingness . 5%, gross departure from HWE (P , 10
26
) or where monomorphic were excluded from subsequent analysis. Persample QC was then performed. Samples with an overall call rate , 95% were excluded from analysis. Samples were subjected to biological relationship verification by using the principle of variability in allele-sharing according to the degree of relationship. Identity-by-state (IBS) information was derived using PLINK (50) . Those individuals who showed evidence of cryptic relatedness (possible either owing to duplicated or biologically related samples) were removed before principal component (PC) analysis was performed. PC analysis was undertaken using EIGENSTRAT (51) to account for spurious associations resulting from ancestral differences of individual SNPs. PCs showing significant effect on univariate analysis (PC1, PC2 and PC3 for SINDI and PCs 1 and 2 for SiMES) were used to correct for any underlying population substructure within a linear regression framework. Finally, samples showing gender discrepancies between the clinical gender and genetically inferred gender were removed.
In SiMES, 170 individuals showed evidence of admixture and were consequently excluded. This confirmed that participants were drawn from the same, single population. Biological relationship verification revealed a total of 279 samples with cryptic relatedness and 37 samples with impossible biological sharing or heterogeneity, probably because of contamination or high missingness. In addition, 44 individuals were removed owing to gender discrepancies. Overall, 530 samples were excluded leaving a total of 2542 individuals for statistical analysis, of which 2313 had complete data for optic disc measurements, age, gender and PCs 1 and 2. Likewise in SINDI, a total of 415 samples were removed from future analysis: 39 for population structure, 16 for gender discrepancies, 326 samples for evidence of cryptic relatedness and 34 samples with impossible biological sharing or heterogeneity. This left a total of 2538 individuals for statistical analysis, of which a total of 2132 individuals had complete data for optic disc measurements, age, gender and PCs 1 -3.
After sample removal, SNP checks were performed only on the autosomes, yielding 600 450 SNPs, of which 20 were first removed in both studies, as they could not be synchronized to the forward strand. In SiMES, SNPs were excluded from the analysis when (i) they were not called in at least 95% of the individuals (n ¼ 26 343); (ii) they were monomorphic or had an MAF , 5% (n ¼ 13 230); or (iii) their genotype frequencies deviated from HWE (P , 10 26 ) (n ¼ 3053). This left a total of 557 823 SNPs for association analysis. In SINDI, 26 602 SNPs were removed owing to high rates of missingness (.5%) (i); as well as 11 771 SNPs that were either monomorphic or had MAF , 5% (ii); and 2956 SNPs for gross departures from HWE (P , 10
) (iii). Hence, we were left with a total of 559 118 SNPs for association analysis in SINDI. For the meta-analysis of SiMES and SINDI, we analyzed 551 808 SNPs found in common in both cohorts after the application of stringent QC criteria.
In both cohorts, genotyping clusters were directly visualized for SNPs showing suggestive evidence of association with optic disc area at P , 1.00 × 10 25 , and confirmed to be good before inclusion for statistical analysis.
Caucasian. In the RS-I, RS-II and RS-III cohorts, DNA was genotyped using the Illumina Infinium II HumanHap550chip v3.0 array according to the manufacturer's protocols. Details are described elsewhere (10) . A total of 9326 individuals passed QC and ancestry checks and were available for 'look-up' replication of significant results from SINDI and SiMES.
Statistical analysis
The PLINK software [version 1.06; (50)] was used for primary association testing, as well as modeling within a linear regression framework. Individual genotypes were coded according to the number of copies of the variant allele present: 0 for the wild-type genotype, 1 for heterozygotes and 2 for homozygote variants. A trend test incorporated within a linear regression model was used for primary association testing between genotypes and optic disc area as a quantitative trait, adjusting for age, gender and genetic ancestry (reflected by PCs).
Manhattan (210 log p-plots) and LD plots were created using Haploview [version 3.2; (52)]. Q -Q and regional association plots were created using the software R [www.r-project. org; (53) ].
Meta-analysis of results across cohorts was performed using the inverse-variance method, as previously described for quantitative traits (54) . This method weighs each study according to effective sample size and cohort-specific MAF of the associated variants. To avoid an otherwise unacceptable number of falsepositive signals as an artifact of multiple testing, the formal threshold for genome-wide significance, P , 5.00 × 10
28
, was considered to be statistically significant. 
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